An analysis of the composite large-scale circulation associated with periods of enhanced (active) or diminished (inactive) cyclogenesis in the subtropical central and eastern Pacific Ocean is presented. Composites were constructed using surface and tropospheric analyses from the ECMWF Tropical Ocean Global Atmosphere (TOGA) dataset for 10 Northern Hemisphere cool seasons . Active periods of subtropical cyclogenesis were defined to be periods in which two or more cyclones developed in close succession to each other, while inactive periods were defined to be periods of at least 10-days duration during which no cyclones with a subtropical origin were present in the Pacific basin.
Introduction
During the Northern Hemisphere cool season, cyclones frequently develop in the subtropical central and eastern Pacific (SCEP) Ocean. Simpson (1952) provided the first analysis of the structure and evolution of these subtropical cyclones, known as kona storms 1 in Hawaii. By using standard surface observations and a limited number of upper-air soundings, he revealed that kona storms possess a cold-core structure and are primarily associated with the intrusion of upper-level disturbances of extratropical origin into the subtropical easterlies. All subsequent examinations of kona storms have focused on case studies of individual cyclones (e.g., Ramage 1962; Businger et al. 1998; Wang et al. 1998; Morrison and Businger 2001; Martin and Otkin 2004) or examined the influence that kona storms have on the climate of the Hawaiian Islands (e.g., Lyons 1982; Chu et al. 1993; Kodama and Barnes 1997) .
More recently, Otkin and Martin (2004, hereafter denoted OM) have examined 10 continuous years of sea level pressure (SLP) data in the process of compiling an updated climatology of kona storms. Their analysis of the kona life cycle revealed that the initial development of most kona storms (96%) occurs along a cold front that extends southward from a midlatitude cyclone VOLUME 
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and is preceded by the intrusion of a positive uppertropospheric potential vorticity anomaly of extratropical origin into the subtropics. As the surface cyclone intensifies, an anticyclone to the northwest rapidly propagates to the east and isolates the surface cyclone from cold air sources to the north. This aspect of the kona life cycle distinguishes these cyclones from the typical extratropical cyclone and also signals that a mature kona storm has developed. The mature kona storm is characterized by a cutoff disturbance in the upper troposphere and a substantial region of warm surface potential temperature anomalies to the east of the surface cyclone. The final stage of the kona life cycle is typically characterized by the merger of the kona storm with a transient midlatitude trough or, less often, by the slow decay of the mature cyclone.
In his more limited climatology of kona storms, Simpson (1952) revealed that approximately four kona storms developed during an average winter season. However, by using a more recent dataset that contains better spatial coverage across the Pacific Ocean and considering a slightly larger domain, OM have shown that an average of 10 subtropical cyclones occur during each boreal cool season. Inspection of the cyclone frequency during individual months and years revealed substantial monthto-month and interannual variability. In order to discern the underlying physical processes that produce the observed temporal variations in kona activity, the present paper contrasts the large-scale circulation features present across the Pacific basin during periods that are characterized by the frequent or infrequent occurrence of subtropical cyclones.
The study is organized as follows. In section 2, we review the characteristics of relevant teleconnection patterns and provide an overview of the empirical and theoretical evidence for tropical-extratropical interaction in the Pacific basin. The definitions of active and inactive periods of subtropical cyclogenesis and a description of the data used for the study are provided in section 3. In section 4, we examine the composite largescale circulations associated with active and inactive periods and also illustrate the important role of the Asian jet in modulating the frequency of subtropical cyclones. Section 5 examines an additional stratification of the active and inactive periods made with respect to the phase of outgoing longwave radiation (OLR) anomalies in the equatorial Pacific. Possible mechanisms underlying the broadening and weakening of the Asian jet observed during the transition to active periods are also considered. Discussion of results, suggestions for future work, and conclusions follow in section 6.
Historical background
Empirical evidence for the existence of recurrent lowfrequency circulation patterns in the troposphere has been provided by numerous teleconnection studies. The seminal study of Wallace and Gutzler (1981) utilized correlation matrices derived from 15 yr of Northern Hemisphere 500-hPa geopotential height data to present evidence of the existence of five fundamental low-frequency height anomaly patterns. Among these five patterns, only the Pacific-North American (PNA) pattern will be considered in the present study. Subsequent studies by Blackmon et al. (1984a,b) revealed that lowfrequency teleconnection patterns can be classified into intermediate (with periods between 10 and 30 days) and long (with periods exceeding 30 days) time scales. The intermediate scales are characterized by wave trains that originate in the climatological mean entrance regions of both the Asian and North American jets. These wave trains show a preference for eastward dispersion through geographically fixed waveguides associated with the mean jets and subsequent southeastward curvature toward the subtropics in the exit regions of each jet. The long time-scale fluctuations are dominated by dipolar patterns that straddle the climatological mean jet exit regions and exhibit well-defined, geographically fixed teleconnection patterns.
Numerous observational studies have shown that interannual tropical sea surface temperature anomalies associated with ENSO are closely linked to changes in the extratropical circulation (e.g., Horel and Wallace 1981; Geisler et al. 1985; Lau and Phillips 1986; Kidson et al. 2002) . On intraseasonal time scales, several studies have explored the connection between the Madden-Julian Oscillation (MJO) and the extratropical circulation. Using 10 yr of OLR and 250-hPa streamfunction data, Weickmann et al. (1985) showed that as enhanced convection associated with the MJO propagated eastward into the western tropical Pacific, an anomalous subtropical cyclone shifted eastward into the central Pacific while an anticyclonic anomaly developed over the extratropical North Pacific. However, with enhanced convection over the central equatorial Pacific, the opposite pattern occurred as an anomalous subtropical anticyclone-extratropical cyclone dipole developed in the central Pacific. The reversal of this circulation anomaly dipole in the central Pacific has been shown to exert a statistically significant influence on the strength and location of the Asian jet (Knutson and Weickmann 1987) . Kiladis and Weickmann (1997) have also found that tropical convection in the western Pacific appears to force an enhanced Hadley circulation into the Asian jet that leads to a downstream acceleration of the jet. Therefore, by modulating the strength and location of the Asian jet, tropical convection associated with the MJO can indirectly influence the midlatitude circulation.
Additional evidence for tropical-extratropical interaction on intraseasonal time scales and for a connection between anomalous tropical convection and the realization of the PNA pattern in the extratropical circulation has been provided by a number of prior studies (e.g., Kousky 1985; Livezey and Mo 1987; Hoerling et al. 1997; Higgins and Mo 1997; Wang and Fu 2000) . This empirical evidence is complemented by theoretical un-
derstanding of the forcing of the extratropical circulation by tropical convection. Hoskins and Karoly (1981) found that heating associated with deep convection in the low latitudes leads to the development of a Rossby wave train emanating away from the region of heating. Within this wave train, the longer waves have a strong poleward and eastward propagation and can effect regions far removed from the region of deep convection. They showed that the height perturbations associated with these wave trains have an equivalent barotropic structure away from the Tropics and acquire a spatial pattern very similar to the PNA pattern. Thus, their theoretical results affirm the empirical suggestion that direct forcing of the PNA pattern by tropical convection is possible.
Several subsequent observational studies, however, have struggled to uncover a direct link between tropical convection and the extratropical circulation (e.g., Dole and Black 1990; Schubert and Park 1991; Hsu and Lin 1992) , suggesting that mechanisms other than Rossby wave dispersion away from a tropical heat source may be important in forcing the PNA pattern and in exciting large responses in the exit region of the Asian jet. Specifically, Schubert and Park (1991) speculated that the PNA pattern was maintained by the mean flow through barotropic energy exchanges. Simmons et al. (1983) have presented evidence suggesting that barotropic instability in the exit region of the Asian jet can trigger a response resembling the PNA pattern. By using a barotropic model linearized about the January 300-hPa climatological mean flow, they found that structures resembling the PNA pattern tend to recur in response to localized forcings throughout the Tropics and subtropics. The relative insensitivity of the extratropical response to the longitudinal position of the forcing suggests that the Tropics may only have an indirect effect on the PNA pattern and the extratropical circulation, an inference consistent with the observational study of Schubert and Park (1991) . Recent work by Cash and Lee (2001) and Feldstein (2002) has focused on linear nonmodal growth as another possible mechanism for the growth of PNA-like patterns.
Considering the wealth of evidence provided by these studies, it is apparent that a variety of physical mechanisms might reasonably produce or maintain an extratropical response similar to the PNA pattern. The fact that the southwest center of the PNA pattern lies across a large portion of the SCEP suggests that some of these mechanisms could strongly modulate the occurrence of subtropical cyclones by controlling the phase of the PNA pattern. Therefore, the present paper compares and contrasts the large-scale circulations associated with periods that are characterized by the frequent or infrequent occurrence of subtropical cyclones in the SCEP.
Data and methodology
In the present study, the European Centre for Medium-Range Weather Forecasts (ECMWF) Tropical Ocean Global Atmosphere (TOGA) dataset and the interpolated OLR dataset compiled by the National Oceanic and Atmospheric Administration (NOAA) were employed. The ECMWF TOGA dataset consists of twice-daily sea level and standard pressure level analyses on a global domain with 2.5Њ latitude-longitude resolution. Ensuing analyses utilize data at sea level, 700, and 300 hPa only. The NOAA OLR dataset consists of daily OLR analyses with global 2.5Њ latitude-longitude resolution obtained from the average of twicedaily OLR measurements taken from the NOAA polarorbiting satellites. For a detailed description of the quality control method and interpolation scheme used to produce the NOAA OLR dataset the reader is referred to Liebmann and Smith (1996) .
Following OM, sea level pressure analyses for 10 boreal cool seasons (October-March) from 1986 to 1996 were used to subjectively identify subtropical cyclones in the central and eastern Pacific Ocean.
2 A cyclone was defined to be a minimum in the sea level pressure field surrounded by at least one closed isobar (analyzed at 2-hPa intervals). To qualify as a subtropical cyclone, the surface cyclone also had to initially develop within a portion of the SCEP (shown in Fig. 1 ) and then maintain a closed sea level isobar for a minimum of 48 h. All surface cyclones that initially developed outside of the subtropical Pacific before propagating into the SCEP were not considered to be subtropical cyclones. In addition, tropical cyclones were removed by comparing cyclone locations to the Hurricane Best Track Files for the eastern Pacific obtained from the National Weather Service's Tropical Prediction Center. The initial positions of the 101 cyclones that satisfied these requirements are shown in Fig. 1 .
In section 1, it was stated that substantial month-tomonth and interannual variability of subtropical cyclone activity occurs in the central and eastern Pacific. To better illustrate this variability, a daily time series of subtropical cyclone occurrence for each of the 10 cool seasons is presented in Fig. 2 . It is evident that certain periods are characterized by a substantial number of cyclones (active periods) while other periods are totally void of cyclones (inactive periods). In order to provide an objective measure of this cyclone variability, active periods were defined to be periods in which two or more cyclones sequentially developed with a maximum of 10 days separation between the final time of one cyclone and the initial time of another. Inactive periods were defined to be periods of at least 10 days duration, with a 5-day boundary at both the front and back ends of the period, in which no cyclones with a subtropical origin were present within the Pacific basin. With these definitions, 28 active and 25 inactive periods (indicated by shading in Fig. 2 ) were identified (Table 1) . Although the length of these periods varied greatly, they were generally persistent features with an average length of 2 weeks for active periods and 1 month for inactive periods. Together, these 53 periods made up 68% 3 of the total number of days during the 10 cool seasons. Furthermore, the 28 active periods contained 83 of the 101 cool season subtropical cyclones identified by OM.
Composite active and inactive periods a. Composite tropospheric conditions
As a first step in characterizing the basin-scale flow structures associated with subtropical cyclone development, a comparison of the composite large-scale features associated with active and inactive periods was made. The composites described in this section were constructed by averaging all of the data in the entire samples of active and inactive periods, respectively. In the upper troposphere (Fig. 3) , inactive periods are characterized by a broad trough across the western Pacific and a narrow, high-amplitude ridge over western North America (Fig. 3a) . Active periods, however, are associated with a westward shift of the height pattern and are characterized by a narrow trough over eastern Asia and a broad ridge across the eastern Pacific (Fig. 3b) . The westward shift of the height field from inactive to active periods is accompanied by a dramatic change in the strength and location of the Asian jet, with inactive periods characterized by an intense, zonally elongated jet extending across most of the Pacific basin ( Fig. 3c ) while a weaker, zonally retracted jet characterizes active periods (Fig. 3d ).
In the lower troposphere, inactive periods are characterized by a narrow ridge over western North America and a broad trough across most of the North Pacific (Fig. 4a ). This height pattern stands in sharp contrast to the broad ridge over the eastern Pacific and the much smaller zonal extent and westward displacement of the Pacific trough during active periods (Fig. 4b) . In the SLP field, inactive periods are characterized by a deep Aleutian low (Fig. 4c) while active periods are associated with a weakened and westward-shifted Aleutian low and by an enhanced subtropical trough near Hawaii (Fig. 4d) .
Comparison of Figs. 3 and 4 indicates that the composite large-scale patterns are very different for active and inactive periods. To better illustrate these differences, Fig. 5 presents difference fields constructed by subtracting the composite inactive fields from the composite active fields. The resulting differences demonstrate that active periods are characterized by a weakened Aleutian low and subtropical high (Fig. 5a ) at sea level. At 700 hPa, the difference fields reveal a subtropical trough over the central Pacific and a ridge over the North Pacific (Fig. 5b ). In the upper troposphere, active periods are characterized by a weakened Asian jet ( Fig. 5c ) and are associated with the development of a stronger subtropical trough and extratropical ridge ( Fig. 5d ) than in the lower troposphere. Thickness differences in the 300-700-hPa layer (not shown) indicate that these height centers possess a cold-core equivalent barotropic structure with a correspondence between pos- itive height differences and positive thickness differences (i.e., warm ridges and cold troughs). It is also evident that the pattern of height difference centers across the central Pacific and North America (Figs. 5b,d ) strongly resembles the PNA pattern. This height difference pattern indicates that active periods are associated with the negative phase of the PNA pattern whereas inactive periods are associated with the positive phase. Furthermore, the presence of a well-developed PNA pattern supports the suggestion by Chu et al. (1993) that changes in the large-scale circulation associated with opposite phases of the PNA pattern may provide an effective control on the presence or absence of subtropical cyclones in the SCEP.
b. Asian jet waveguide
A number of prior studies (e.g., Branstator 1983; Kiladis 1998; Matthews and Kiladis 1999) have shown that the position and intensity of the Asian jet strongly modifies the Pacific storm track by acting as an effective waveguide for cyclone activity. A diagnostic parameter that is particularly useful in illustrating the effect of this waveguide is the stationary Rossby wavenumber, K s , given by
S ΊU where ␤ * represents the meridional gradient of absolute vorticity associated with the basic-state zonal wind, U [i.e., ␤ * ϭ ␤ Ϫ ‫ץ(‬ 2 /‫ץ‬y 2 )], and K s represents the total U wavenumber at which a barotropic Rossby wave is stationary at a given location with respect to the background zonal flow. Hoskins and Ambrizzi (1993) have shown that Rossby waves are always refracted toward regions of larger K s values. Thus, since K s is maximized along the major zonal jets where ␤ * is large relative to , the jets act as an effective waveguide for cyclone U activity. Although this theory only applies to stationary Rossby waves, Yang and Hoskins (1996) have shown that a modified K can still provide useful information to describe the effect of the background flow on the propagation of transient Rossby waves. Therefore, from a distribution of K s , the location of waveguides for stationary Rossby waves can be inferred and then used to qualitatively determine the effect of structural changes in the Asian jet in modulating the occurrence of cyclones in the SCEP.
By using (1) and the mean 300-hPa zonal wind fields characterizing the composite active (Fig. 3d ) and inactive (Fig. 3c) were calculated (Fig. 6 ). During inactive periods (Fig.  6a) , a continuous band of high K s associated with the zonally elongated Asian jet extends across the entire Pacific between 30Њ and 40ЊN. This demonstrates that for cyclones originating along the Asian jet, the jet acts as an effective waveguide that strongly limits the equatorward propagation of cyclones into the SCEP. However, during active periods (Fig. 6b) , the waveguide appears to be less well organized, or ''leakier,'' with evidence of a split flow pattern across the eastern Pacific. This situation is decidedly more favorable for the equatorward propagation of upper-level waves (i.e., surface- cyclone spawning distrubances) into the SCEP. Thus, the clear contrast of K s between the composite active and inactive periods illustrates the importance of the strength and location of the Asian jet in modulating the occurrence of subtropical cyclones in the SCEP.
c. OLR
As discussed in section 2, a large body of prior work has examined the connection between tropical convection and the extratropical circulation. Those results support the suggestion that changes in the distribution of tropical convection associated with different phases of ENSO or the MJO could modulate the occurrence of subtropical cyclones by producing an environment that was either more or less favorable for cyclone development in the SCEP. For instance, it is reasonable to infer that suppressed (enhanced) tropical convection in the central Pacific would be associated with active (inactive) periods because of the generation of an anomalous subtropical trough (ridge) by Rossby wave dispersion away from the tropical convection. OLR data have been widely used to represent the intensity and distribution of tropical convection with positive (negative) OLR anomalies occurring during periods of suppressed (enhanced) tropical convection. Thus, in order to explore the possible relationship between anomalous tropical convection and the occurrence of active and inactive periods, composite OLR anomaly fields were constructed for the active and inactive periods. Daily OLR anomalies used to construct these composite OLR anomaly fields were calculated by subtracting the climatological monthly mean from the daily OLR data.
Since it was found that the composite OLR anomaly distributions for active and inactive periods are nearly dipoles of each other, we present only the composite difference OLR field in the equatorial Pacific (Fig. 7) . The zonally oriented OLR dipole represented by positive OLR differences in the central Pacific and negative OLR differences in the western Pacific suggests that active (inactive) periods are associated with suppressed (enhanced) convection in the central Pacific and enhanced (suppressed) convection in the western Pacific and along the South Pacific convergence zone. The composite OLR anomalies characterizing the active and inactive periods represent the distributions of anomalous convection that might be expected if Rossby wave dispersion away from tropical convection were the dominant modulator of subtropical cyclone activity. However, a closer inspection of the individual active and inactive periods revealed that nearly 45% of the periods did not fit this composite OLR distribution and that nearly a third of the periods were actually characterized by OLR anomalies exactly opposite to that expected from Rossby wave dispersion theory (Table 2) . This suggests that, although the location and intensity of tropical convection plays an important role in forcing the extratropical circulation during many of the active and inactive periods, alternative processes must account for the presence or absence of subtropical cyclones during other periods. We examine this issue in section 5. 
Composite correct and incorrect periods
Given the lack of uniformity among the individual active and inactive periods with respect to the distribution of anomalous tropical convection, an additional composite grouping was adopted. We define ''correct'' active (inactive) periods to be those with suppressed (enhanced) tropical convection in the central Pacific and enhanced (suppressed) convection in the western Pacific. Conversely, ''incorrect'' active (inactive) periods are characterized by enhanced (suppressed) convection in the central Pacific and suppressed (enhanced) convection in the western Pacific. With these definitions, 16 (13) correct active (inactive) and 8 (8) incorrect active (inactive) periods (identified with labels ''C'' or ''I'' in Fig. 2) were identified from the original sample of active and inactive periods (Table 2 ). In addition, since four active and four inactive periods did not possess a well-defined OLR anomaly dipole (identified with the label ''X'' in Fig. 2 ), they will not be included in any subsequent composites.
Inspection of Fig. 2 indicates that the occurrence of correct and incorrect periods exhibits a strong seasonal bias, with the majority of incorrect active periods occurring during the winter while incorrect inactive periods are more common in the fall. Therefore, in order to remove the seasonal cycle from the analysis of correct and incorrect periods, anomalous OLR and anomalous 300-hPa height and zonal wind fields were calculated by subtracting the climatological monthly mean from the daily or twice-daily data, respectively. The resultant anomalies were then averaged for each sample to produce the composites presented in this section.
a. OLR fields
OLR anomalies for correct and incorrect periods are shown in Fig. 8 . Based upon our definition of correct and incorrect periods, it is not surprising that the spatial distribution of OLR anomalies associated with correct (incorrect) active periods is nearly identical to that associated with incorrect (correct) inactive periods. These anomalous OLR distributions clearly indicate that the small magnitude of the composite OLR difference field (Fig. 7) can be attributed to the superposition of op- 
b. 300 hPa
The composite 300-hPa height and zonal wind anomalies for correct and incorrect active periods are shown in Fig. 9 . Correct active periods are characterized by an anomalous subtropical trough in the central Pacific, an anomalous ridge across the North Pacific, and an anomalous trough over central North America (Fig. 9a) . These elements in the height anomaly pattern are reminiscent of the negative phase of the PNA pattern. Since correct active periods are characterized by suppressed tropical convection in the central Pacific (Fig. 8a) , the presence of an anomalous subtropical trough and an anomalous midlatitude ridge is consistent with the expected extratropical response due to suppressed tropical convection (Hoskins and Karoly 1981; Ting and Yu 1998) . In addition, the orientation of the height anomaly centers along a great circle route is strongly suggestive of Rossby wave dispersion emanating away from the central Pacific, which indicates that anomalous tropical convection near the dateline could be forcing an extratropical response that resembles the PNA pattern. However, with enhanced convection near the date line during incorrect active periods (Fig. 8b) , the same general height anomaly pattern (with a westward shift in the midlatitudes) still develops across the central Pacific and North America with even larger height anomalies in the jet exit region (Fig. 9c) than during correct active periods. This height anomaly pattern is still reminiscent of the negative phase of the PNA pattern, yet is precisely opposite of what might be expected to develop when enhanced tropical convection occurs in the central Pacific. In fact, considering that Rossby wave dispersion theory links enhanced convection in the central Pacific to the development of an anomalous subtropical ridge and an anomalous extratropical trough, the magnitude of these anomalies is even more impressive. The average length of the incorrect active periods (Table 2) precludes the possibility that these height anomalies are a temporary occurrence but rather suggests that in these instances the PNA pattern is simply not forced by tropical convection. Therefore, we conclude that a fully developed PNA-like pattern, associated with an active period of subtropical cyclogenesis, can exist for periods of a week or longer regardless of whether enhanced or suppressed tropical convection occurs in the central Pacific.
As shown in Fig. 9 , the development of anomalous height patterns in the central Pacific is also accompanied by significant 4 changes in the strength and location of the Asian jet. Although both correct (Fig. 9b ) and incorrect (Fig. 9d ) active periods are characterized by diminished westerlies across the central Pacific, much larger zonal wind anomalies, associated with a significant weakening and westward displacement of the Asian jet, occur during incorrect active periods. The development of highly significant ''tripole'' pattern in the wind anomaly field during incorrect active periods, characterized by regions of enhanced westerlies over Alaska and the subtropical Pacific and greatly diminished westerlies in the jet exit region, represents a dramatic broadening of the Asian jet across the central Pacific. Given that Hoskins et al. (1983) have indicated that a broadened jet can result from barotropic energy conversions in the exit region of the jet, these observations suggest that barotropic energy conversion may provide a source of energy for cyclone development during these periods.
The composite 300-hPa height and zonal wind anomalies for correct inactive periods are shown in Fig. 10 . Correct inactive periods are characterized by an anomalous subtropical ridge in the central Pacific, an anomalous trough in the North Pacific, and an anomalous ridge over central North America (Fig. 10a) . Although the anomalies are smaller, this pattern is nearly the polar opposite of the height anomaly pattern that occurs during correct active periods (Fig. 9a) and resembles the positive phase of the PNA pattern. The orientation of the height anomaly centers along a great circle route (similar to those found during correct active periods) suggests that these anomalies could be forced by Rossby wave dispersion away from enhanced tropical convection in the central Pacific (Fig. 8c) . This suggestion is supported by the broad resemblance of the present results to those found by Trenberth et al. (1998) during the 1986/87 El Niño event. It should also be noted that the height anomaly centers in the central Pacific are associated with a zonal extension of the Asian jet (Fig.  10b) .
The composite 300-hPa height and zonal wind anomalies associated with incorrect inactive periods are considered next. In the course of construction it became clear that the long-lived incorrect inactive period observed during the winter of 1988/89 (Fig. 2) exerted a disproportionate influence on the resultant composite. Since this period, along with the shorter incorrect inactive period of March 1989, occurred during an extraordinary La Niña event (refer to Fig. 7 of OM) , separate composites were constructed for these two ''La Niña'' periods and for the six ''remaining'' incorrect inactive periods.
The ''La Niña'' incorrect inactive periods are characterized by a large region of very strong easterly wind anomalies that extend across much of the SCEP domain (Fig. 11b) . This region of highly significant zonal wind anomalies lies between a remarkable height anomaly dipole in the eastern Pacific that consists of a anomalous trough south of Hawaii and an anomalous ridge over the northeastern Pacific (Fig. 11a) . Though this dipole is structurally similar to the canonical trough/ridge couplet generally associated with suppressed tropical convection in the central Pacific, the dipole is centered 10 or more degrees farther south than normal. Consequently, the anomalous ridge occupies the northern portion of the SCEP domain, thereby producing an unfavorable environment for cyclone development during these periods.
The composite height and zonal wind anomalies for the six ''remaining'' incorrect inactive periods are shown in Fig. 12 . This composite is characterized by an anomalous extratropical trough that extends across the entire North Pacific basin, an anomalous ridge over western Canada, and a weak anomalous trough over the southeastern United States (Fig. 12a) . As was the case for the composite incorrect active periods, this phasing of height anomalies is exactly opposite of what might be expected to develop in the presence of anomalous tropical convection in the central Pacific. This suggests that the presence of suppressed tropical convection in the central Pacific was not a strong influence on the extratropical circulation during these incorrect inactive periods. A plausible explanation for the lack of subtropical cyclones during these periods is provided through an analysis of the zonal wind anomaly field (Fig. 12b) , which is dominated by a zonally elongated anomaly dipole that extends across the entire North Pacific basin. The observed dipole is consistent with a narrowing, lengthening, and strengthening of the Asian jet. The corresponding stationary wavenumber field (not shown) indicates that the stronger westerlies are associated with an enhanced waveguide across the Pacific basin. It is therefore suggested that the enhanced waveguide across the Pacific basin associated with the zonally elongated Asian jet acts to limit the propagation and development of upper-level disturbances into the subtropical Pacific, thereby leading to an inactive period.
c. Adjustment of the 300-hPa height and zonal wind fields during the transition to incorrect active periods
It is interesting to consider the dramatic changes that occur in the upper troposphere during the transition to incorrect active periods. In order to examine this transition, composites were constructed by averaging all of the data during both the 5 days prior to and 5 days after the initiation of each of the eight incorrect active periods. These composites are shown in Fig. 13 .
The 5-day prior composites are characterized by a zonally elongated Asian jet (Fig. 13a) , a very broad trough across the western two-thirds of the Pacific, and a ridge over western North America (Fig. 13b) . After the initiation of an incorrect active period, this entire pattern shifts westward and is characterized by the development of deep troughs over eastern Asia and central North America and a broad ridge across the eastern Pacific (Fig. 13d) . The 5-day-after composites are also characterized by the development of a subtropical trough in the central Pacific west of Hawaii (Fig. 13d and by a substantial westward retraction of the Asian jet (Fig. 13c) . Therefore, these composites clearly illustrate that a fundamental shift in the large-scale height pattern and a substantial westward retraction of the Asian jet occur after the initiation of the composite incorrect active period.
To better represent these differences, difference fields were calculated by subtracting the 5-day-prior composites from the 5-day-after composites ( Fig. 14) . Two important features are evident in Fig. 14 . First, the development of substantially weaker westerlies in the jet exit region (ϽϪ22 m s Ϫ1 ) and stronger westerlies to the north and south after the initiation of an incorrect active period (Fig. 14a) is consistent with the expected response due to barotropic energy conversions in the jet exit region (Hoskins et al. 1983) . Second, the height difference field (Fig. 14b) clearly exhibits a PNA-like pattern, which indicates that a rapid transition to the negative phase of the PNA pattern occurs at the beginning of incorrect active periods. Though the careful temporal filtering of data required to comprehensively examine the energetics of such transitions is beyond the scope of the present paper, future work will investigate the local energetics of the composite transition, as well as a representative case study, in order to determine if these energy conversions are associated with barotropic instability in the exit region of the Asian jet.
Discussion and conclusions
In a recent paper, Otkin and Martin (2004) provided an updated synoptic climatology of subtropical cyclones in the central and eastern Pacific Ocean. Among the results of their climatology was the observation that considerable interannual and intraseasonal variability in subtropical cyclone frequency exists. In the present paper, a detailed investigation of the intraseasonal variability revealed that distinct periods characterized by the frequent or infrequent occurrence of subtropical cyclones (deemed ''active'' and ''inactive'' periods, respectively) occur during each cool season. Although the length of these periods varied greatly, they were found to be generally persistent features with an average length of 2 weeks for active periods and 1 month for inactive periods.
In order to examine the large-scale circulation patterns associated with active and inactive periods, composite surface and upper-air analyses were constructed. Examination of these analyses revealed that active periods are characterized by a weak, zonally retracted Asian jet, a weak, westward-shifted Aleutian low, and a broad ridge across the eastern Pacific. Inactive periods, however, are characterized by a strong, zonally elongated Asian jet and a strong Aleutian low. A physical basis for understanding the modulation of subtropical cyclone activity by the Asian jet was provided by an analysis of the stationary wavenumber, K s . This analysis demonstrated that the strong, zonally elongated jet characteristic of inactive periods is associated with a continuous waveguide across the Pacific basin that severely limits the equatorward propagation of upper-level cyclones into the subtropical Pacific. Conversely, the zonally retracted jet observed during active periods was associated with a poorly organized, or ''leakier,'' waveguide across the Pacific, which produces a decidedly more favorable situation for the equatorward propagation of upper-level cyclones leaving the jet exit region. Therefore, this analysis shows that structural changes in the Asian jet can strongly modulate the occurrence of subtropical cyclones in the SCEP by influencing the strength and effectiveness of the midlatitude waveguide across the Pacific.
The identification in the present study of the crucial role played by the Asian jet in modulating the frequency of subtropical cyclone occurrence is consistent with the results of a more limited analysis by Chu et al. (1993) .
In an analysis of the large-scale circulation associated with two winters characterized by opposite rainfall anomalies at Honolulu and Lihue, Hawaii, they showed that the wet (dry) season was characterized by a zonally retracted (elongated) Asian jet and by numerous (0) ''kona days,'' Based upon their limited sample, they also suggested that the PNA pattern may exert a significant control on subtropical cyclone frequency in the Pacific. The presence of a negative PNA pattern during both correct and incorrect active periods and a positive PNA pattern during correct inactive periods robustly confirms the Chu et al. (1993) hypothesis.
A number of empirical studies (e.g., Horel and Wallace 1981; Livezey and Mo 1987; Wang and Fu 2000) have suggested that the PNA pattern is closely linked to the distribution of anomalous tropical convection in the central Pacific. The prevailing conceptual model establishing this link suggests that suppressed (enhanced) tropical convection, presumably associated with the MJO or ENSO, tends to force the negative (positive) phase of the PNA pattern. Theoretical support for this contention resides in the work of Hoskins and Karoly (1981) who used an idealized model to investigate the role of Rossby wave dispersion in forcing an extratropical response far removed from an isolated tropical heat source. In the present study, however, height anomaly fields did not systematically demonstrate the aforementioned relationship between anomalous tropical convection and the phase of the PNA pattern. For instance, 16 active (13 inactive) periods were indeed characterized by the negative (positive) phase of the PNA pattern and suppressed (enhanced) tropical convection in the central Pacific, the expected or ''correct'' relationship. However, an additional eight active (six inactive; the ''remaining'' inactive periods illustrated in Fig. 12 ) periods were broadly characterized by a negative (positive) PNA pattern even though enhanced (suppressed) convection was present in the central Pacific, which represents an ''incorrect'' relationship. Thus, we conclude that, though forcing by anomalous tropical convection has an important effect on the extratropical circulation during ''correct'' periods, other processes must account for the presence or absence of subtropical cyclones during ''incorrect'' periods. This suggests that viewing the PNA pattern primarily as an extratropical response to anomalous tropical forcing in the central Pacific is an oversimplification.
It is suggested that the lack of subtropical cyclones during most of the incorrect inactive periods was a consequence of an enhanced waveguide across the Pacific basin that produced an unfavorable environment for the equatorward propagation of upper-level disturbances into the SCEP. However, for the composite ''La Niña'' incorrect inactive period, it was the presence of a strong anomalous ridge across the northern portion of the SCEP domain that prohibited cyclone development. The observed broadening and weakening of the Asian jet during the transition to incorrect active periods provides O T K I N A N D M A R T I N circumstantial evidence for the role of barotropic energy conversions during such transitions. Future work will document the local energetics of both the composite transition and a case study to provide additional insight into the role of barotropic processes in creating a favorable environment for the development of subtropical cyclones in the SCEP.
Finally, a striking result of the present study is the robust dependence of subtropical cyclone frequency in the North Pacific basin on the strength and zonal extent of the Asian jet. The characteristics of the jet, in turn, appear to derive, in a similarly robust fashion, from the phase of a single regional teleconnection pattern. It is reasonable to imagine whether such simple basic controls on subtropical cyclone frequency operate in the Atlantic Ocean basin or in the Southern Hemisphere subtropical Pacific. Additionally, the evolution of the large-scale circulation associated with periods of enhanced or diminished subtropical cyclone activity in the North Pacific is apparently controlled by several distinct physical mechanisms. Whether or not these mechanisms characteristically work in opposition to, in concert with, or in isolation from one another is a matter for further detailed study.
